1. Introduction
===============

Cardiac arrest and the consequent interruption of blood flow to metabolically active tissues cause intense hypercarbic and metabolic acidosis, resulting in the accumulation of end products, such as CO~2~, lactate, and hydrogen ions.^\[[@R1]--[@R3]\]^ Low flow time is a well-known predictor for outcome in out-of-hospital cardiac arrest (OHCA) patients; however, identifying the low flow time or no flow time is often impossible in unwitnessed patients. Additionally, even though the OHCA patients were witnessed and administered bystander CPR (cardiopulmonary resuscitation), the quality of CPR could be questionable. Even when conventional CPR is applied for cardiac arrest patients, it provides at best one-quarter of cardiac output and steadily degrades overtime.^\[[@R4],[@R5]\]^ It may be important to perform initial blood gas analysis during CPR, as it can reflect the status of the ischemic insult on a cellular level. Blood gas analysis during CPR also might reflect the low flow time and it may be a tool to decide to escalate to more invasive strategies, such as extracorporeal CPR.^\[[@R6],[@R7]\]^

In previous studies, emergency department (ED) presentation data, such as lactate, base excess, end-tidal carbon dioxide, potassium, and ammonia, have surfaced as potential predictors of outcome in OHCA.^\[[@R8]--[@R10]\]^ Specifically, low ammonia level of 170 μg/dL and lactate level of \<12.0 mmol/L were prognostic factors for favorable outcome.^\[[@R10]\]^ However, these variables have been evaluated using data after sustained ROSC, not during CPR or not available at the point of time.^\[[@R11],[@R12]\]^ The acid--base findings upon arrival to the ED have not been sufficiently evaluated. We hypothesized that blood gas analysis during CPR might be a good tool to measure ischemic insult on a cellular level and may be associated with outcome in patients with OHCA. Therefore, the aims of this study were to describe the acid--base findings of OHCA patients obtained immediately after starting CPR and determine which acid--base findings are useful in predicting sustained ROSC in OHCA patients.

2. Methods
==========

2.1. Study design and population
--------------------------------

This prospective observational study was conducted at the ED of a university-affiliated teaching hospital in Seoul, Korea, with an annual census of approximately 100,000 visits, between April 1, 2013 and March 31, 2015. In Korea, Emergency medical service (EMS) providers are encouraged to scoop and run to the ED while giving CPR during ambulance transport as soon as possible after giving 1 cycle of CPR and EMS is not legally allowed to declare death in the field except for obvious signs incompatible with life. EMS providers in Korea are trained in Basic Life Support to provide chest compressions and ventilation with bag-mask device and to apply an automated external defibrillator. Most of them are not qualified for advanced airway management as well as intravenous drug administration during CPR.

The study population consisted of all consecutive adult (age ≥18 years), nontraumatic OHCA patients. During the study period, a blood sample was taken from all OHCA patients within 4 minutes of arrival to the ED. Patients were excluded if the blood sample withdrawal was delayed (over 4 minutes), the blood sample was not obtained during CPR, they achieved sustained ROSC within 4 minutes, or they had a do-not-resuscitation order. Achievement of sustained ROSC was declared when patients had a palpable pulse for \>20 minutes. Before commencing this study, the Institutional Review Board of the hospital approved our study and waived the requirement for informed consent.

2.2. Data
---------

Demographic data were obtained from EMS reports and medical records. We extracted the following data: demographic characteristics, cause of cardiac arrest, electrocardiogram rhythm at the scene, bystander administration of CPR, prehospital resuscitation time, initial blood gas data within 4 minutes after ED arrival, and outcome (achievement of sustained ROSC). Basic life support and advanced cardiovascular life support were performed in accordance with the current Advanced Cardiac Life Support guidelines of 2010.^\[[@R13]\]^

Blood samples for blood gas analysis were collected from the radial or femoral artery using sodium-heparin-coated syringes. Blood gas analysis was performed using a GEM Premier 3000 (Instrumentation Laboratory, Lexington, MA). The detection ranges were as follows: blood pH, 6.80--7.80; pCO~2~, 5--115 mmHg; pO~2~, 0--760 mmHg; lactate, 0.3--15.0 mmol/L. For electrolytes, the detection ranges were as follows: sodium, 100--200 mmol/L; potassium, 0.1--20.0 mmol/L; glucose, 20--500 mg/dL. Test results were available within 85 seconds. In cases where the values exceeded their instrument limit, those values were assumed as the limit value.

2.3. Statistical analysis
-------------------------

Continuous variables are expressed as mean ± standard deviation (*SD*) when normally distributed and median with interquartile range (IQR) when non-normally distributed. Variables were tested for normal distribution using the Kolmogorov--Smirnov test. Categorical data are presented as absolute numbers and percent frequencies. The Student\'s *t*-test was used to compare the values of normally distributed continuous variables, and the Mann--Whitney *U* test was used to compare the values of non-normally distributed continuous variables. Differences between categorical variables were analyzed by the Chi-square test or the Fisher\'s exact test, as appropriate. We excluded the missing values in analysis and stated the proportion of the missing value in our manuscript. At baseline, clinically significant baseline characteristics and blood gas data as potential predictors of ROSC were first examined using univariate logistic analysis. Of the earlier reported variables, age, gender, pH, PCO~2~, and serum lactate level were candidates for the multivariable model and examined using multiple logistic regression analysis. The results of the multivariate logistic regression analyses were summarized by estimating the odds ratios (ORs) and the respective 95% confidence intervals (CIs). The Hosmer--Lemeshow test for logistic regression model was performed. The cut-off value of pCO~2~ for prediction of ROSC was calculated using a receiver operating characteristics (ROCs) curve and area under the ROC curve (AUC). A 2-tailed *P* value of \<0.05 was considered statistically significant. All statistical analyses were performed with SPSS version 18.0 (IBM, Armonk, NY).

3. Results
==========

During the study period, 224 adult, nontraumatic cardiac arrest patients arrived in our ED. Of these, 88 patients were excluded for the following reasons: 69 patients had delayed blood sampling over 4 minutes, 11 patients were unavailable for blood sampling during CPR because of technical difficulties in vascular access, and 8 patients achieved ROSC within 4 minutes of ED arrival. This left 136 patients for analysis (Fig. [1](#F1){ref-type="fig"}). Sixty-seven patients (49.3%) achieved sustained ROSC, and 69 patients (50.7%) did not. One-fifth of the patients (22/136, 21.3%) survived at 1 month, and 7 of 136 patients (5.1%) had favorable neurological outcome with cerebral performance categories score of 1 or 2 at 1 month. Prehospital drug administration and advanced airway management were not conducted in all patients.
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The biochemical parameters of our study patients, obtained within 4 minutes of ED arrival using point-of-care testing, are summarized in Table [1](#T1){ref-type="table"}. The values from blood gas analysis were widely distributed and skewed to extreme values. Hypoxia (pO~2~, 17.5 mmHg, IQR, 9.0--45.8), hypercapnia (pCO~2~, 78.0 mmHg, IQR, 63.0--98.0), and increased lactate levels (12.5 mmol/L, IQR, 9.2--15.0) were evident, which contributed to the severe acidosis (pH, 6.89; IQR, 6.80--7.02) in the OHCA patients. Hyperkaliemia (potassium, 6.4mmol/L; IQR, 5.0--7.8) was a distinct electrolyte abnormality. Notably, the results of blood gas analysis for bicarbonate and base excess were technically unreadable for 43 patients (27 in the non-ROSC achievement group, 16 in the ROSC achievement group). In contrast, pH and lactate levels were available for all of the eligible OHCA patients. pCO~2~ levels were not available for 5 patients.
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Table [2](#T2){ref-type="table"} lists the baseline characteristics and biochemical parameters of the non-ROSC achievement group and the ROSC achievement group. Statistically significant differences between these groups were evident in terms of gender, pH, pCO~2~, prehospital low flow time, and serum lactate levels. Of these 136 patients, 90 were male, and the median age was 67.5 years. The median time of prehospital low flow time (elapsed time to ED arrival after resuscitation) was 23.0 (16.5--29.0) minutes. The majority of our study patients (132/136, 97.1%) were intubated using endotracheal tube at ED admission while the last 4 patients were managed using supraglottic airway devices. Intubation and blood sampling were performed almost at the same time for our study patients. The median time to intubation was 2 minutes with IQR 1 to 3 minutes after ED arrival and the median time to blood sampling was 3 minutes with IQR 2 to 4 minutes. Blood sampling was performed before intubation in two-fifths of our patients (54/136, 39.7%). The pH result was less than the lower instrument limit of 6.8 for 47 patients (34.5% of total patients; 28 in the non-ROSC achievement group; 19 in the ROSC achievement group). Similarly, serum lactate levels for 40 patients exceeded the upper instrument limit of 15.0 mmol/L (29.4% of total patients; 22 in the non-ROSC achievement group, 18 in the ROSC achievement group). In contrast to pH and lactate levels, only 18 patients had pCO~2~ levels that exceeded the upper instrument limit of 115 mmHg (13.2% of total patients; 15 in the non-ROSC achievement group, 3 in the ROSC achievement group). pCO~2~ and lactate levels in the ROSC achievement group were significantly lower than those in the non-ROSC achievement group, whereas the pH in the ROSC achievement group was significantly higher than in the non-ROSC achievement group (*P* \< 0.05; Table [2](#T2){ref-type="table"}). Multivariate logistic regression analysis identified pCO~2~ as the only independent predictor of sustained ROSC in OHCA patients (OR: 0.979; 95% CI: 0.960--0.997; *P* = 0.025; Table [3](#T3){ref-type="table"}). The AUC of pCO~2~ was 0.686 (95% CI: 0.595--0.777) for sustained ROSC (Fig. [2](#F2){ref-type="fig"}). By applying a cut-off value of PCO~2~ \<75 mmHg, the possibility of the ROSC were 3.3 times more likely in patients below the cut-off level (OR: 0.302; 95% CI: 0.146--0.627; *P* = 0.001).
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4. Discussion
=============

In our current study, we demonstrated that hypoxemia, hypercarbic acidosis, and lactic acidosis were dominant blood gas abnormalities in OHCA patients immediately after ED arrival. Despite prehospital resuscitation, decreased ventilation and perfusion contributed to the progression of tissue ischemia. Among our abnormal findings, pCO~2~ level on ED arrival was found to be an independent predictor for sustained ROSC in OHCA patients.

Severe respiratory and metabolic acidosis as well as hyperkaliemia were obvious in many of our current study patients and were most likely caused by hypoperfusion and anaerobic metabolism in dysoxic tissue, which were more of a consequence than cause. However, acidosis and hyperkaliemia are treatable causes of cardiac arrest, especially in cases of pulseless electrical activity. Current guidelines emphasize identifying and treating the cause of cardiac arrest, which improves the survival rate.^\[[@R14]\]^ Although sodium bicarbonate administration is recommended for the treatment of severe/preexisting acidosis and hyperkaliemia, there are no current guidelines or suggestions regarding the levels of acidosis and potassium that require treatment. In our present study, the median pH was 6.89 (IQR, 6.80--7.02) in the OHCA patients, and 34.5% of our study patients had a pH below the lower instrument limit of 6.8. This result might suggest that acidosis measured within 4 minutes of CPR is not a reliable indicator of the severity of tissue hypoxemia because many patients had pH levels below the level of detection.

One of the novel findings in this study is that pCO~2~ was an independent predictor of sustained ROSC in OHCA patients, while other variables, such as lactate and pH were not. Animal models have shown a gradual increase of lactate during CPR,^\[[@R15]--[@R17]\]^ and the degree of lactate clearance was associated with the outcome of OHCA patients.^\[[@R17],[@R18]\]^ However, the role of lactate had not been determined in clinical trials, especially in the early phase of CPR. The median lactate level was 12.5 mmol/L (IQR, 9.2--15.0), but, similarly to pH, the result of serum lactate for 40 patients (29.4%) exceeded the upper instrument limit of 15.0 mmol/L. This might imply that serum lactate during the early phase of CPR has a limitation as an indicator of the severity of tissue hypoxemia or downtime. In contrast to pH and lactate, only 18 patients (13.2%) had pCO~2~ levels that exceed the upper instrument limit of 115 mmHg, suggesting that pCO~2~ might be a reliable indicator of tissue hypoxemia and/or downtime. The possibility of achievement of ROSC was 3.3 times more likely when PCO~2~ was \<75 mmHg and 89% of the ROSC achievement group had pCO~2~ levels \<100 mmHg.

Recently, there has been increasing evidence that extracorporeal membrane oxygenation is an effective therapeutic option for OHCA patients who are refractory to classical resuscitation attempts.^\[[@R19],[@R20]\]^ As the probability of survival with good neurologic outcome declined rapidly during CPR, early prediction of the probability of achieving sustained ROSC in OHCA patients is necessary for clinical decision-making.^\[[@R19]--[@R21]\]^ Although there is insufficient evidence on who is the right candidate for extracorporeal membrane oxygenation during CPR in OHCA patients, extracorporeal CPR may be considered for OHCA patients without irreversible ischemic brain damage. Although further studies will be needed to clarify the role of initial pCO~2~ in OHCA patients, initial pCO~2~ might be used as an indirect indicator which reflects the anoxic or hypoxic time in OHCA patients. A recent study has suggested that blood ammonia level (\<84 μmol/L) on hospital arrival is useful in predicting non-ROSC with 94.5% sensitivity and 75.0% specificity.^\[[@R22]\]^ However, blood ammonia is not an appropriate laboratory test in this situation because it is time consuming. When an OHCA patient arrives at the ED, measuring pCO~2~ by blood gas analysis might help determine if more invasive strategies, such as extracorporeal CPR, are warranted.

The results of our study should be interpreted in the context of certain limitations. First, our study is from a single institution, which limits the generalization of our findings to other institutions or patients population and the sample size was relatively limited. Second, 88 of the initial patients were excluded (39.3%; 69 with delayed blood sampling over 4 minutes, 11 with unavailable blood sample due to technical difficulties in vascular access, and 8 that achieved ROSC within 4 minutes). Third, base excess and bicarbonate levels were uncheckable for 31.6% (43/136) of the patients who were included in our current analyses. Fourth, blood sampling during CPR is technically difficult, and it was difficult to distinguish if blood samples were obtained from an artery or a vein during CPR. Differences between arterial and venous pO~2~ and pCO~2~ levels have been documented.^\[[@R23]\]^ Additionally, we defined immediate arterial blood gas analysis as obtaining blood sample within 4 minutes after ED arrival. The definition was determined based on the data of our hospital, in which the median time was 3 minutes with IQR 2 to 4 minutes. Since there have been no studies that used initial arterial blood gas data during CPR, further research for optimal timing would be necessary. The EMS system in Korea differs to that of Western Europe and North America. The results can be influenced by the different local EMS systems with different protocol or algorithm for OHCA patients. Thus, our results should be interpreted with caution. Finally, the majority of our current study patients presented with a nonshockable rhythm at the scene and had \>20 minutes of resuscitation time, which limits the generalization of our findings to other institutions or populations.

5. Conclusions
==============

The pCO~2~ level obtained within 4 minutes of starting CPR is an independent predictor for sustained ROSC in OHCA patients, and it may provide the status of the ischemic insult because serum lactate and pH are unreliable when measured in this manner as it is frequently above the measurable limit. However, further studies will be needed to clarify the role of the blood gas analysis in clinical practice.
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